Introduction {#Sec1}
============

Many theories beyond the Standard Model (SM) predict new phenomena which give rise to dilepton final states, such as new resonances. These have been searched for using the ATLAS detector at the Large Hadron Collider (LHC) and are reported elsewhere \[[@CR1]\]. In this paper, a complementary search is performed for new phenomena that appear as broad deviations from the SM in the dilepton invariant mass distribution or in the angular distribution of the leptons (where the leptons considered in this analysis are electrons or muons). The phenomena under investigation are contact interactions (CI) and large extra dimensions (LED).

Theoretical motivation {#Sec2}
======================

The presence of a new interaction can be detected at an energy much lower than that required to produce direct evidence of the existence of a new gauge boson. The charged weak interaction responsible for nuclear $\documentclass[12pt]{minimal}
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                \begin{document}$$\beta $$\end{document}$ decay provides such an example. A non-renormalizable description of this process was successfully formulated by Fermi in the form of a four-fermion contact interaction \[[@CR2]\]. A contact interaction can also accommodate deviations from the SM in proton--proton scattering due to quark and lepton compositeness, where a characteristic energy scale $\documentclass[12pt]{minimal}
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                \begin{document}$$g$$\end{document}$ is a coupling constant chosen by convention to satisfy $\documentclass[12pt]{minimal}
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                \begin{document}$$\Lambda $$\end{document}$ is the contact interaction scale, and $\documentclass[12pt]{minimal}
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                \begin{document}$$\ell _\mathrm{L,R}$$\end{document}$ are left-handed and right-handed quark and lepton fields, respectively. The parameters $\documentclass[12pt]{minimal}
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                \begin{document}$$\eta _{ij}$$\end{document}$, where $\documentclass[12pt]{minimal}
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                \begin{document}$$j$$\end{document}$ are L or R (left or right), define the chiral structure of the new interaction. Different chiral structures are investigated here, with the left-right model obtained by setting $\documentclass[12pt]{minimal}
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                \begin{document}$$\eta _\mathrm{LL} = \eta _\mathrm{RR} = 0$$\end{document}$. Likewise, the left-left and right-right models are obtained by setting the corresponding parameters to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\pm 1$$\end{document}$, and the others to zero. The sign of $\documentclass[12pt]{minimal}
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                \begin{document}$$\eta _{ij}$$\end{document}$ determines whether the interference is constructive ($\documentclass[12pt]{minimal}
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                \begin{document}$$\eta _{ij} = -1$$\end{document}$) or destructive ($\documentclass[12pt]{minimal}
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                \begin{document}$$\eta _{ij} = +1$$\end{document}$). The cross-section for the process $\documentclass[12pt]{minimal}
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                \begin{document}$$q \overline{q} \rightarrow \ell ^+\ell ^-$$\end{document}$ in the presence of these contact interaction models can be written as:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \sigma _\mathrm{tot} = \sigma _\mathrm{DY} - \eta _{ij} \frac{F_\mathrm{I}}{\Lambda ^2} + \frac{F_\mathrm{C}}{\Lambda ^4}, \end{aligned}$$\end{document}$$where the first term accounts for the $\documentclass[12pt]{minimal}
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                \begin{document}$$q \overline{q} \rightarrow Z/\gamma ^* \rightarrow \ell ^+\ell ^-$$\end{document}$ Drell--Yan (DY) process, the second term corresponds to the interference between the DY and CI processes, and the third term describes the pure CI process. These two latter terms include $\documentclass[12pt]{minimal}
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                \begin{document}$$F_\mathrm{C}$$\end{document}$, respectively, which are functions of the cross-section, and do not depend on $\documentclass[12pt]{minimal}
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                \begin{document}$$\Lambda $$\end{document}$. For example, the magnitude of the interference term for dilepton masses above 600 GeV is about twice as large as that of the pure CI term at $\documentclass[12pt]{minimal}
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There are other models which predict deviations from the SM in the dilepton mass spectrum, and seek to address the vast hierarchy between the electroweak (EW) and Planck scales, such as the solution proposed by Arkani-Hamed, Dimopoulos and Dvali (ADD) \[[@CR5]\]. In this model, gravity is allowed to propagate in large flat extra spatial dimensions, thereby diluting its apparent effect in 3+1 spacetime dimensions. The flat $\documentclass[12pt]{minimal}
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                \begin{document}$$M_\mathrm{D}$$\end{document}$ to be in the TeV range for sufficiently large volumes ($\documentclass[12pt]{minimal}
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                \begin{document}$$\propto R^n$$\end{document}$). In this model, the SM particles and their interactions are confined to a four-dimensional submanifold, whereas gravitons may also propagate into extra dimensions of size $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$$M_\mathrm{D}$$\end{document}$ at the TeV scale imply very small mass differences between KK modes and thus an essentially continuous mass spectrum.

The production of dileptons via virtual KK graviton exchange involves a sum over many KK modes that needs to be cut off at some value. In this paper, the ultraviolet cutoff is chosen to be the string scale, $\documentclass[12pt]{minimal}
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                \begin{document}$$M_\mathrm{S}$$\end{document}$ \[[@CR6]\], which sets the context in which this search and its results should be interpreted, and is chosen for consistency with previous searches. This scale is related to $\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \sigma _\mathrm{tot} = \sigma _\mathrm{DY} + \fancyscript{F}\frac{F_\mathrm{int}}{M_\mathrm{S}^4} + \fancyscript{F}^{2}\frac{F_\mathrm{G}}{M_\mathrm{S}^8}, \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$$F_\mathrm{G}$$\end{document}$ are functions of the cross-sections (they do not depend on $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_\mathrm{S}$$\end{document}$) involving the interference and pure KK graviton effects, respectively. The strength of the interaction is characterized by $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\fancyscript{F}$$\end{document}$/$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M^{4}_\mathrm{S}$$\end{document}$, where the dimensionless parameter $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\fancyscript{F}$$\end{document}$ varies in the different calculations provided by Giudice--Rattazzi--Wells (GRW) \[[@CR8]\], Hewett \[[@CR9]\] and Han--Lykken--Zhang (HLZ) \[[@CR10]\]. The different values are:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\lambda = \pm 1$$\end{document}$ is introduced to allow for constructive or destructive interference with the DY process. Unlike the situation with contact interactions described above, interference effects between the DY and virtual KK graviton processes are small due to dilepton production by virtual KK gravitons being predominantly gluon-induced rather than quark-induced.

Previous searches for CI have been carried out in neutrino--nucleus and electron--electron scattering \[[@CR11]\], as well as electron--positron \[[@CR12], [@CR13]\], electron--proton \[[@CR14]\], and proton--antiproton colliders \[[@CR15], [@CR16]\]. Searches for CI have also been performed by the ATLAS and CMS Collaborations \[[@CR17], [@CR18]\]. The strongest exclusion limits for $\documentclass[12pt]{minimal}
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Previous searches for evidence of ADD-model extra dimensions via virtual KK graviton exchange have been performed at electron--positron \[[@CR19]\], electron--proton \[[@CR20]\], and proton--antiproton colliders \[[@CR16]\]. Searches have also been performed at the LHC by the ATLAS and CMS Collaborations \[[@CR17], [@CR21]\]. The most stringent results come from the ATLAS search in the dilepton channel and subsequent combination with the diphoton channel result using 5 fb$\documentclass[12pt]{minimal}
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The ATLAS detector {#Sec3}
==================

The ATLAS detector \[[@CR22]\] consists of an Inner Detector (ID) surrounded by a solenoid magnet for tracking charged particles, and a calorimeter for capturing particles that interact electromagnetically or hadronically, to measure their energy. A Muon Spectrometer (MS) and toroidal magnet system provide tracking for muons, which typically escape the calorimeter.

The ID is immersed in a 2.0 T axial magnetic field and provides charged-particle tracking up to $\documentclass[12pt]{minimal}
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The outermost detector is the MS, which consists of layers of precision tracking chambers and trigger chambers to enable reconstruction of muons with $\documentclass[12pt]{minimal}
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The triggering of events to be recorded by the ATLAS detector is handled by a three-level system \[[@CR22]\] which consists of a level-1 hardware trigger, and the high-level trigger (HLT). The HLT is made up of the level-2 trigger, which uses regions of interest, and the event filter, which is based on standard ATLAS event reconstruction and analysis algorithms.

Data and Monte Carlo samples {#Sec4}
============================

This search uses the LHC 2012 dataset from $\documentclass[12pt]{minimal}
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The main background comes from the irreducible DY process. The photon-induced (PI) process is also an irreducible contribution which produces two leptons, arising from a $\documentclass[12pt]{minimal}
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All MC samples were passed through a simulation of the ATLAS detector using [Geant]{.smallcaps}4 \[[@CR23]--[@CR25]\]. The DY background is generated with [Powheg]{.smallcaps} \[[@CR26]\] for the next-to-leading-order (NLO) matrix elements using the CT10 \[[@CR27]\] parton distribution functions (PDF) and [Pythia]{.smallcaps} 8.165 \[[@CR28]\] for parton showering and hadronization. To correct the DY cross-section from NLO to next-to-next-to-leading-order (NNLO), a dilepton mass-dependent QCD+EW $\documentclass[12pt]{minimal}
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                \begin{document}$$K$$\end{document}$-factor is calculated with [FEWZ]{.smallcaps} 3.1 \[[@CR29]\] using the MSTW2008NNLO \[[@CR30], [@CR31]\] PDF (with CT10 as the base NLO PDF) to take into account higher-order QCD and EW corrections. The photon-induced background is generated with [Pythia]{.smallcaps} 8.165 at LO using the MRST2004QED \[[@CR32]\] PDF. The top-quark production processes are simulated using MC\@NLO 4.06 \[[@CR33]\] with the CT10 PDF to generate the matrix elements, [Jimmy]{.smallcaps} 4.31 \[[@CR34]\] to describe multiple parton interactions, and [Herwig]{.smallcaps} 6.520 \[[@CR35]\] to describe the remaining underlying event and parton showers. Higher-order corrections are calculated with Top$\documentclass[12pt]{minimal}
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The CI signal processes are generated using [Pythia]{.smallcaps} 8.165 at LO with the MSTW2008LO PDF. The CI cross-section is scaled from LO to NNLO, again using FEWZ with the MSTW2008NNLO PDF to calculate a dilepton mass-dependent QCD+EW $\documentclass[12pt]{minimal}
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To ensure adequate modelling of the data by the MC simulation, data-derived corrections are applied to the simulation. These include electron energy scale corrections \[[@CR38]\], muon momentum corrections \[[@CR39]\], and pile-up corrections. They also include trigger, lepton identification, and reconstruction scale factors \[[@CR38], [@CR39]\], which are all found to be very close to unity. A summary of the generator, parton shower, and PDF information used for all signal and background MC samples used in this search can be found in Table [1](#Tab1){ref-type="table"}.Table 1Summary of MC sample information for signal and background processes used in this search. The columns from left to right give the process of interest, generator, matrix-element order, parton shower program, and PDF utilizedProcessGeneratorOrderParton Shower / HadronizationPDF$\documentclass[12pt]{minimal}
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Event selection and background estimation {#Sec5}
=========================================
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In the dielectron channel, events are retained if at least two electrons fulfil the following criteria: the electrons satisfy $\documentclass[12pt]{minimal}
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In the dimuon channel, events are retained if at least two muons fulfil the following criteria: the muons have $\documentclass[12pt]{minimal}
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The event selection detailed above is applied to the data and all MC background samples. The acceptance times efficiency for DY events with dilepton mass of 1 TeV (2 TeV) is found to be 67 % (67 %) in the dielectron channel and 47 % (45 %) in the dimuon channel. The selection efficiency is lower for the dimuon channel mainly because of the strict MS hit requirements.
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In this analysis, the normalization, control, and search regions are defined based on the dilepton mass. In the normalization region with mass between 80 GeV and 120 GeV, the total background estimate is scaled to data. This protects the analysis against mass-independent systematic uncertainties. The control region, defined by the mass range from 120 GeV to 400 GeV, is used to check the quality of the background modelling since the signal contribution is negligible in this region. After the normalization procedure, good agreement is found in the control region, as displayed in Fig. [1](#Fig1){ref-type="fig"}. The small deviation observed in the first bin of the dielectron mass distribution (Fig. [1](#Fig1){ref-type="fig"}) corresponds to an effect that is less than 0.2 % of the total number of events in the normalization region. Thus it has a negligible effect. The search is then conducted in the mass region 400--4500 GeV.Fig. 1Reconstructed dielectron (*top*) and dimuon (*bottom*) mass distributions for data and the SM background estimate. Also shown are the predictions for a benchmark $\documentclass[12pt]{minimal}
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Event yields {#Sec6}
============

In the CI search, six broad dilepton mass bins are used in the search region from 400 GeV to 4500 GeV. For the ADD search region, a single dilepton mass bin is employed in the range 1900--4500 GeV, where the lower mass boundary is optimized based on the strongest expected exclusion limit.

The dielectron (dimuon) channel event yields are presented in Table [2](#Tab2){ref-type="table"} (Table [3](#Tab3){ref-type="table"}) for the CI search and both channels are presented in Table [4](#Tab4){ref-type="table"} for the ADD LED search. Dilepton mass distributions for data and the predicted background are shown in Fig. [1](#Fig1){ref-type="fig"} for both channels, along with a few benchmark CI and ADD signals overlaid.Table 2Expected and observed event yields in the dielectron channel. The predicted yields are shown for SM background as well as for SM+CI for several CI signal scenarios. The quoted errors consist of both the statistical and systematic uncertainties added in quadratureProcess$\documentclass[12pt]{minimal}
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Good agreement is observed between the data and the background model in both the dilepton mass and $\documentclass[12pt]{minimal}
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Systematic uncertainties {#Sec7}
========================

The total background estimate is normalized by scaling to data in the dilepton mass region 80--120 GeV. This protects the analysis against mass-independent systematic uncertainties (such as the luminosity uncertainty), as any constant scale factor cancels. However, mass-dependent systematic uncertainties affect the shape of the discriminating variables and are therefore considered as nuisance parameters in the statistical interpretation.

Experimental uncertainties originate from the following sources: lepton trigger and reconstruction efficiencies, lepton energy and momentum scale and resolution, lepton charge misidentification, multi-jet & $\documentclass[12pt]{minimal}
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It is important to control the lepton momentum uncertainty, as mismodelling of the resolution could result in a broad signal-like excess (or deficit) in the dilepton mass distribution. The muon momentum resolution depends critically on the quality of the MS chamber alignment. Resolution uncertainties are determined from dedicated data-taking periods with no magnetic field in the MS and from studies of muon tracks passing through the overlap region between chambers in the small and large sectors of the MS where the independent track momenta reconstructed from these adjacent sectors can be compared directly. The electron momentum uncertainty is negligible.

Another important experimental uncertainty is the charge misidentification which can arise from two main sources: track curvature and "trident" events. The latter occurs when a hard bremsstrahlung is emitted by a high-momentum lepton, and a subsequent photon conversion gives rise to a high-momentum track with a charge opposite to that of the initial lepton, but which is selected erroneously. To study the trident source of charge misidentification, dedicated MC samples were generated with the amount of detector material varied by up to 20 % of a radiation length. To study the track curvature source, various investigations were carried out wherein additional charge misidentification is injected into the simulation to ascertain its effect, and the ID track resolution in $\documentclass[12pt]{minimal}
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                \begin{document}$$q/p$$\end{document}$ is varied to assess the probability of a change of charge sign. As these systematic uncertainty studies found a negligible change in charge misidentification, a conservative uncertainty of 20 % with respect to the measured charge misidentification rate in Drell--Yan MC simulation was applied. For the dielectron channel, the charge misidentification systematic uncertainty can be as large as 3 %. For the dimuon channel, this is covered by the resolution uncertainty and is negligible.

The uncertainty on the data-driven estimate of the combined multi-jet & $\documentclass[12pt]{minimal}
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                \begin{document}$$W$$\end{document}$+jets background is assessed by comparing complementary estimation methods (giving a maximum deviation of 18 % from the nominal method) and variations of the real-electron contamination suppression requirements in the nominal method (resulting in deviations of up to 5 %). The addition of these effects in quadrature gives a total systematic uncertainty on the data-driven estimate of 20 %. A detailed description of this procedure is given in Ref. \[[@CR1]\].

A systematic uncertainty on the LHC beam energy of 0.65 % \[[@CR41]\] is assessed for both the signal and background processes.

The statistical uncertainty of the MC samples is included as a systematic uncertainty for both the signal and the background. This includes the fit uncertainty due to the high-mass extrapolation of the top-quarks background, which is described in Sect. [5](#Sec5){ref-type="sec"}.

The theoretical uncertainties are the variations among the PDF eigenvector sets, the effect of PDF choice, the PDF $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _S$$\end{document}$ scale, the EW higher-order corrections, the photon-induced contributions, and the DY cross-section uncertainty. The effect of these uncertainties on the background yield are taken into account with a standard procedure where event weights are used to create systematically shifted distributions, which are then used as nuisance parameters in the statistical interpretation. However, for the signal yields one does not want to introduce a bias via the specific theoretical uncertainty choices, and therefore these are only taken into account by the effect that they have on the signal acceptance times efficiency. This effect was found to be negligible in all cases except for the PDF variation in the ADD search, where an additional uncertainty of 6 % (3 %) is included in the dielectron (dimuon) channel as a nuisance parameter in the statistical interpretation. For the CI search, systematic uncertainties are taken into account as a function of dilepton mass for forward and backward events separately, to account for any variation in the uncertainty which might affect the expected asymmetry. For example, the largest systematic uncertainty in this search is the background PDF variation, which has an effect in the dielectron (dimuon) channel of 11 % (12 %) at a mass of 2 TeV. When separated into forward and backward regions at the same dielectron (dimuon) mass, this uncertainty is 10 % (8.5 %) and 16 % (15 %), respectively. Likewise the PI uncertainty in the dielectron (dimuon) channel of 12 % (9.5 %) at a mass of 2 TeV, becomes 10 % (7.5 %) and 16 % (13 %), when separated into forward and backward regions, respectively. The other sources of systematic uncertainty were found to not have a strong dependence between forward and backward events. The different sources of PDF uncertainty are assessed by utilizing the MSTW2008NNLO PDF error set (90 % C.L.) and by following the procedure detailed in Ref. \[[@CR1], [@CR42]\]. The uncertainty due to the choice of PDF is investigated by comparing the central values of various PDFs, namely MSTW2008NNLO, CT10NNLO \[[@CR43]\], NNPDF2.3 \[[@CR44]\], ABM11 \[[@CR45]\], and HERAPDF1.5 \[[@CR46]\]. All except for ABM11 are found to be within the MSTW2008NNLO 90 % C.L. uncertainty, and so the variation from ABM11 with respect to the MSTW2008NNLO central value, outside of the MSTW2008NNLO 90 % C.L. uncertainty, is taken as a separate systematic uncertainty due to PDF choice. VRAP \[[@CR47]\] is used to assess the $\documentclass[12pt]{minimal}
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Statistical interpretation {#Sec8}
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A Bayesian approach is used for the statistical interpretation of the results, using a uniform positive prior as a function of the parameter of interest to quantify any observed excess. In the absence of a signal, 95 % C.L. lower exclusion limits are set on that parameter. The total number of expected events $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu $$\end{document}$ in each search region can be expressed as$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \mu = n_\mathrm{s}(\Theta ,\overline{\Omega }) + n_\mathrm{b}(\overline{\Omega }), \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$n_{s}(\Theta ,\overline{\Omega })$$\end{document}$ is the number of events predicted by the CI or ADD signal for a particular choice of model parameter $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Theta $$\end{document}$. The quantity $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$n_{b}(\overline{\Omega })$$\end{document}$ is the total number of background events, and in both cases $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\overline{\Omega }$$\end{document}$ represents the set of Gaussian nuisance parameters that account for systematic uncertainties on the number of respective signal and background events. The parameter $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Theta $$\end{document}$ corresponds to a choice of contact interaction scale $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Lambda $$\end{document}$ and interference parameter $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\eta _{ij}$$\end{document}$ in the case of the CI interpretation, and a choice of string scale $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_\mathrm{S}$$\end{document}$ and specific formalism (GRW, Hewett, or HLZ) in the case of the ADD interpretation.

The likelihood of observing $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$n$$\end{document}$ events given the new physics parameter $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Theta $$\end{document}$ and nuisance parameters $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\overline{\Omega }$$\end{document}$ is then the product of Poisson probabilities for each mass--$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\cos \theta ^*$$\end{document}$ bin $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$k$$\end{document}$:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \mathcal{{L}} (n \mid \Theta ,\overline{\Omega }) = \displaystyle \prod _{l=1}^{N_\mathrm{{channel}}}\displaystyle \prod _{k=1}^{N_\mathrm{{bin}}}\frac{\mu _{lk}^{n_{lk}}e^{-\mu _{lk}}}{n_{lk}!}, \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$n_{lk}$$\end{document}$ is the number of events observed in data, and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu _{lk}$$\end{document}$ is the total number of expected events (signal plus background), both in mass--$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\cos \theta ^*$$\end{document}$ bin $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$k$$\end{document}$ and channel $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$l$$\end{document}$ (where the channel can be dielectron or dimuon). According to Bayes' theorem, the posterior probability for the parameter $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Theta $$\end{document}$, given $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$n$$\end{document}$ observed events, is then$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \mathcal{P} (\Theta \mid n) = \frac{1}{\mathcal{Z}} \mathcal{L}_\mathcal{M} (n \mid \Theta ) P(\Theta ), \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathcal{Z}$$\end{document}$ is a normalization constant and the marginalized likelihood $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathcal{L}_\mathcal{M}$$\end{document}$ corresponds to the likelihood after all nuisance parameters are integrated out. This integration is performed assuming that the nuisance parameters are correlated across all dilepton mass--$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\cos \theta ^*$$\end{document}$ bins. The nuisance parameters that are treated as correlated between both channels are: PDF uncertainties, EW corrections, photon-induced, beam energy, and normalization. All other sources are treated as uncorrelated. Table [5](#Tab5){ref-type="table"} shows which nuisance parameters are taken into account for the signal and background expectations. The prior probability $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$P(\Theta )$$\end{document}$ is chosen to be uniform and positive in either $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$1/\Lambda ^2$$\end{document}$ or $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$1/\Lambda ^4$$\end{document}$ for the CI analysis, and either $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$1/M_\mathrm{S}^4$$\end{document}$ or $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$1/M_\mathrm{S}^8$$\end{document}$ for the ADD analysis. These choices are motivated by the form of Eqs. ([1](#Equ1){ref-type=""}) and ([2](#Equ2){ref-type=""}), to give the reader a sense of how the interplay in these forms can affect the result. The 95 % C.L. limit is then obtained by finding the value $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Theta _\mathrm{lim}$$\end{document}$ satisfying $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\int _0^{\Theta _\mathrm{lim}} \mathcal{P} (\Theta \mid n) \, d\Theta = 0.95$$\end{document}$, where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Theta $$\end{document}$ is chosen to be $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$1/\Lambda ^2$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$1/\Lambda ^4$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$1/M_\mathrm{S}^4$$\end{document}$ or $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$1/M_\mathrm{S}^8$$\end{document}$.

The calculations are performed with the Bayesian Analysis Toolkit \[[@CR48]\], which uses a Markov Chain Monte Carlo technique to integrate over the nuisance parameters. For each physics model, 1000 pseudo-experiments (PEs) are run to obtain an adequate SM-only expected distribution; the PE with the median parameter of interest value provides the expected limit, with $\documentclass[12pt]{minimal}
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Results {#Sec9}
=======

Good agreement is observed between the data and expected background yields. The most significant deviation from the expected background is seen in the dimuon channel for the CI search, with a $\documentclass[12pt]{minimal}
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For the ADD search results, the similar expected and observed exclusion limits within the separate channels are due to the small number of expected SM background events, which arise from the high mass threshold chosen for that search. This leads a large fraction of the PEs to return a result of zero expected events, and the median value of the ensemble (taken as the expected limit) to therefore also be zero expected events. For the combined dilepton channel, the total number of expected SM background events is large enough that a wider range of limits is obtained in the ensemble of PEs and the slight data deficit translates into stronger observed limits than expected.
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ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector and the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$z$$\end{document}$-axis along the beam pipe. The $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$x$$\end{document}$-axis points from the IP to the centre of the LHC ring, and the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$y$$\end{document}$-axis points upward. Cylindrical coordinates $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$(r,\phi )$$\end{document}$ are used in the transverse plane, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\phi $$\end{document}$ being the azimuthal angle around the beam pipe. The pseudorapidity is defined in terms of the polar angle $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\theta $$\end{document}$ as $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\eta $$\end{document}$ = $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$-$$\end{document}$ $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\ln \tan (\theta /2)$$\end{document}$.

We thank CERN for the very successful operation of the LHC, as well as the support staff from our institutions without whom ATLAS could not be operated efficiently. We thank Tobias Pook for help with the ADD model. We acknowledge the support of ANPCyT, Argentina; YerPhI, Armenia; ARC, Australia; BMWF and FWF, Austria; ANAS, Azerbaijan; SSTC, Belarus; CNPq and FAPESP, Brazil; NSERC, NRC and CFI, Canada; CERN; CONICYT, Chile; CAS, MOST and NSFC, China; COLCIENCIAS, Colombia; MSMT CR, MPO CR and VSC CR, Czech Republic; DNRF, DNSRC and Lundbeck Foundation, Denmark; EPLANET, ERC and NSRF, European Union; IN2P3-CNRS, CEA-DSM/IRFU, France; GNSF, Georgia; BMBF, DFG, HGF, MPG and AvH Foundation, Germany; GSRT and NSRF, Greece; ISF, MINERVA, GIF, I-CORE and Benoziyo Center, Israel; INFN, Italy; MEXT and JSPS, Japan; CNRST, Morocco; FOM and NWO, Netherlands; BRF and RCN, Norway; MNiSW and NCN, Poland; GRICES and FCT, Portugal; MNE/IFA, Romania; MES of Russia and ROSATOM, Russian Federation; JINR; MSTD, Serbia; MSSR, Slovakia; ARRS and MIZŠ, Slovenia; DST/NRF, South Africa; MINECO, Spain; SRC and Wallenberg Foundation, Sweden; SER, SNSF and Cantons of Bern and Geneva, Switzerland; NSC, Taiwan; TAEK, Turkey; STFC, the Royal Society and Leverhulme Trust, United Kingdom; DOE and NSF, United States of America. The crucial computing support from all WLCG partners is acknowledged gratefully, in particular from CERN and the ATLAS Tier-1 facilities at TRIUMF (Canada), NDGF (Denmark, Norway, Sweden), CC-IN2P3 (France), KIT/GridKA (Germany), INFN-CNAF (Italy), NL-T1 (Netherlands), PIC (Spain), ASGC (Taiwan), RAL (UK) and BNL (USA) and in the Tier-2 facilities worldwide.
